Cloned DNA from the replication terminus region of Bacilus subtiis 168 was used to identify and construct a restriction map of the homologous region in B. subtilis W23. With this information, DNA from the terminus region of W23 was cloned and the sequence was determined for a 1,499-base-pair segment spanning the expected terC site. The position of the site was then located more precisely. Use of the cloned DNA from strain W23 as a probe for digests of DNA from exponentiafly growing cells of the same strain established the presence of the slowly migrating replication termination intermediate (forked DNA). The orientation and dimensions of the forked molecule were consistent with arrest of the clockwise fork at the terC site in W23, as has been shown to occur in strain 168. Thus, despite significant differences between the two strains, the same termination mechanism appears to be used. The (16, 17) . It is now known that the replication order of genes in the W23 and 168 strains is essentially the same (5). This suggests the same overall organization of genes in the two chromosomes and equivalent oriC and terC locations. Nevertheless, the two strains are quite distinct. They have different bacteriophage profiles, peptidoglycan compositions, and transformation properties (6). B. subtilis 168 was generated by X-ray mutation of the Marburg strain (1), whereas it is thought that strain W23 originated in the stock collection of the Western Reserve University (6). DNA hybridization studies have shown that, for the total chromosome, the extent of homology between the 168 and W23 strains is 67 to 89% (8, 9 Plasmids and plasmid constructions. Plasmids which have been described previously were pWS6, pWS10, and pLS23-17 (10). New plasmids were constructed as follows. For pPL-1, the 347-base-pair (bp) DraI fragment spanning terC of B. subtilis 168 was subcloned from pWS10 into the multiple cloning site of the Bluescript vector KSM13-(Stratagene, San Diego, Calif.). For pPL-2, the 2.7-kilobase (kb) BglII-EcoRI terC homologous fragment of B. subtilis W23 was purified from a low-melting-temperature agarose gel and cloned into the multiple cloning site of pUC18. For pPL-3, the 2.7-kb insert fragment of pPL-2 was subcloned into the multiple cloning site of KSM13-so that unidirectional deletions into the insert could be performed by the exonuclease III-mung bean nuclease system (Stratagene). These deletion plasmids, pPL-3-1, pPL-3-3, and pPL-3-8, were used in sequencing the terminus of W23. pPL-3-1 was also used as an arm-specific probe in band I detection work (see Fig. 2 ).
It is suggested that the amino acid sequence conservation reflects a role for the protein in the clockwise fork arrest mechanism as proposed earlier (M. T. Smith and R. G. Wake, J. Bacteriol. 170: [4083] [4084] [4085] [4086] [4087] [4088] [4089] [4090] 1988 ).
The first stage of termination of chromosome replication in Bacillus subtilis involves arrest of the clockwise replication fork at a site, terC, which is approximately opposite the origin, oriC (12) (13) (14) . The anticlockwise fork arrives at terC shortly afterward to fuse with the arrested fork. The DNA sequence requirements for clockwise fork arrest at terC have been investigated, and a model describing fork arrest has been proposed (2, 11) . The model implicates a region close to terC containing inverted repeat sequences and an adjoining open reading frame (ORF) which codes for a small basic protein of 122 amino acids.
The foregoing information on termination of replication in B. subtilis has been obtained largely with the normal 168 strain. In the classic and earliest studies on chromosome replication in B. subtilis, in which the order of gene replication was investigated, the W23 strain was used (16, 17) . It is now known that the replication order of genes in the W23 and 168 strains is essentially the same (5) . This suggests the same overall organization of genes in the two chromosomes and equivalent oriC and terC locations. Nevertheless, the two strains are quite distinct. They have different bacteriophage profiles, peptidoglycan compositions, and transformation properties (6) . B. subtilis 168 was generated by X-ray mutation of the Marburg strain (1) , whereas it is thought that strain W23 originated in the stock collection of the Western Reserve University (6) . DNA hybridization studies have shown that, for the total chromosome, the extent of homology between the 168 and W23 strains is 67 to 89% (8, 9) . In terms of assessing the significance of DNA sequence features in the vicinity of terC with respect to the termination process, it is of value to compare the sequence of 168 in this region with that of the homologous sequence Plasmids and plasmid constructions. Plasmids which have been described previously were pWS6, pWS10, and pLS23-17 (10) . New plasmids were constructed as follows. For pPL-1, the 347-base-pair (bp) DraI fragment spanning terC of B. subtilis 168 was subcloned from pWS10 into the multiple cloning site of the Bluescript vector KSM13-(Stratagene, San Diego, Calif.). For pPL-2, the 2.7-kilobase (kb) BglII-EcoRI terC homologous fragment of B. subtilis W23 was purified from a low-melting-temperature agarose gel and cloned into the multiple cloning site of pUC18. For pPL-3, the 2.7-kb insert fragment of pPL-2 was subcloned into the multiple cloning site of KSM13-so that unidirectional deletions into the insert could be performed by the exonuclease III-mung bean nuclease system (Stratagene). These deletion plasmids, pPL-3-1, pPL-3-3, and pPL-3-8, were used in sequencing the terminus of W23. pPL-3-1 was also used as an arm-specific probe in band I detection work (see Fig. 2 ).
Bacterial DNA. Bacterial DNA was prepared as described previously (14) The right-hand panel shows the results of one-dimensional electrophoresis (pH 7.5), transfer, and probing of BamHI-cleaved DNA with 32P-labeled pPL-3-1 (Fig. 2) Fig. 1 shows part of the restriction map established previously for the terminus region of the strain 168 chromosome. The clockwise replication fork enters this region from the right and stops at terC. Cloned DNA from within this region (shown immediately below the map) hybridized readily to specific restriction fragments of DNA from the W23 strain. Using digests of W23 DNA obtained with combinations of various restriction enzymes and the cloned 168 DNA shown in Fig.  1 as probes, we constructed a map of the homologous region of the W23 chromosome (Fig. 1, bottom section) . Probing with pPL-1, in particular, established that the homologous terC site was contained in the 2.7-kb BglII-EcoRI segment identified in the map. The W23 map extends for 57 kb, and the distribution of BamHI and Sall sites is quite different from that in the 168 map. However, it is clear that the overall arrangement of homologous sequences represented by the cloned DNA is the same in both chromosomes.
The 2.7-kb BglII-EcoRI terC-containing segment of W23 was cloned in the plasmid pPL-2 (and pPL-3). A more detailed restriction map of this segment is shown at the top of Fig. 2 . Use of pPL-1 as a probe for this cloned segment established that the homologous terC sequences were present within the right-hand portion of it.
During this work, several additional hybridization experiments were performed with DNA from two other B. subtilis strains. When BamHI, SalI, and BamHI plus Sall digests of DNA from strain NCTC 3610 (the parent of 168, see reference 3) were probed with pWS6 and pLS23-17, the fragments detected corresponded exactly to those expected on the basis of the 168 map shown in Fig. 1 . When the corresponding digests of W23 thy his DNA were probed in the same way, the fragments detected corresponded exactly to those expected on the basis of the W23 map shown in Fig.  1 . These findings are strong evidence for the 168 and W23 maps ( Fig. 1) representing 168 and W23 strains in general. The W23 strain (prototroph) used here for most of the work is the same as the Bacillus Genetic Stock Center strain 2A5; the W23 thy his strain is the parent of the Bacillus Genetic Stock Center strains 2A6 and 2A7.
DNA sequence around the terC site in the W23 chromosome. The right-hand portion (1,499 bp) of the 2.7-kb terC-containing segment of the W23 chromosome (Fig. 2) was sequenced. The results are shown in Fig. 3 , and relevant features of the sequence are summarized immediately below the restriction map in Fig. 2 . Two ORFs, one incomplete, are identifiable. The smaller complete one, ORF1, starts at position 386 and codes for a protein of 122 amino acids. The amino acid sequence is identical to that of the small basic protein encoded by the complete ORF identified in the 168 strain (2) . ORFi has accompanying sequence features (potential ribosome-binding site and promoter) to suggest that it is expressed. The region just upstream of ORFi contains inverted repeats (IRI and IRII) equivalent to those identified in the same position in strain 168 and is similarly rich in A+T residues. A more detailed comparison of the terminus region sequences in W23 and 168 for which the available data overlap is made in a section below. There are no overlapping data between the two strains for the region in which ORF2 (starting at position 900) lies. An homology search of the Genbank and PROSEQ (Kyoto University) databases showed the protein product (N-terminal portion) of ORF2 to have significant homology to the proC product of Escherichia coli. There was 26.6% amino acid identity over the 184-residue overlap in the two sequences and 75% on the basis of conservative substitutions, with only a single amino acid gap in the whole overlap. While this appears to be of little relevance to termination of replication, the possibility of a proC or proC-related gene in the terminal region of the chromosome, particularly in the 168 strain, deserves further investigation with respect to the overall genetic organization of this region.
Arrest of clockwise replication fork at terC in the W23 strain. The sequence data permit the chromosomal location of the W23 putative terC, the site of arrest of the clockwise fork, to be predicted to within +0.1 kb. If terC functions in the same way in B. subtilis W23 as in strain 168, the clockwise fork should stop just upstream (to the left) of ORFi shown in Fig. 2 . This would be reflected by the presence in exponentially growing cells of a portion of the 19.7-kb BamHI segment identified in Fig. 1 as a forked (Y-shaped) molecule containing an arm region of approximately 6.5 kb (extending from the right-hand extremity of the 19.7-kb segment to the putative terC site).
DNA from an exponentially growing culture of B. subtilis W23 was isolated and digested with BamHI by the osmolysate procedure described previously (4). After gel electrophoresis and transfer to a membrane, it was hybridized with a probe (pPL-3-1, Fig. 2 ) specific for what should be the arm region of the predicted forked molecule. The result is shown in Fig. 4 (right panel) . The 19.7-kb linear species is the most obvious. A slowly migrating band (I) is also present, in addition to a more minor band of 6.5 kb. It is well established that a forked molecule of the type expected breaks down readily to release one of the arms (4). Thus, the results obtained are consistent with band I being the forked molecule of the predicted orientation and dimensions and the 6.5-kb species being one of its arms. To confirm this, the same L)NA was first subjected to two-dimensional (neutralalkali) electrophoresis before probing (Fig. 4, left panel) . As expected, the band I species resolved in the second (alkali) VOL. 171, 1989 on October 13, 2017 by guest http://jb.asm.org/ Downloaded from C G T  CCC CAACTGAAATT   CC  TT  ATCAAAACACCGGGAT  T TT C GAGT A  CATGGT   A   AGAT T CGTA  TTC   T TT C GACT A  CATGGT  A  AGAT T CGTA  TTC  T TT G  CC ATTCTTC  AT  GG  ACG  10  20  30  36  46   TATGGTCAACAAATCCTTAAAAATGAAAACCTCTCTTTCGACAGG   A  A  TTTTTTT A  TTTCA TG A  TTTTTTT A  TTTGA TG A  G AGACCGTGCAG  TT TC T  53  63  73   G  T  C  ATC  CG TACC  GG  TAAAAT AGA ATGTAAA C  ATC  CG TACC  GG  TAAAAT AGA ATGTAAA C  TCT T  A CCT  TCAG  TG  C   GTTCA T GA  TTATTTT T  CCGCT CA  ATAA  TAAACA AAATA  ACTCGA TATCACT  GTTCA T GA  TTATTTT T  CCGCT CA  ATAA  TAAACA AAATA  ACTGGA TATCAGT  C  G ATC  T  AC  TGAGATT   T  239  246  256  263  269  279  289   I  -SD   T  A G  G  CACA  C TTAA   TATAAAGAACGAAAACAATA AA AAAATTGAATATTTACTACATAGTGTT TCACTCA   A AG  C TTAA  TATAAACGAGGAAAACAATA AA AAAATTGAATATTTAGTACATAGTGTT TCAGTCA  A AGG  C  TAT  C T  C  T  307  317  327  337  347  357   CA  G  A  G G  AC  TG TAT G TGAAACAAGAAAAAAG AGTTCAAC CCCTTTTTAGTGAAACAGCGCGCATTTTT AA CTT   AG  TG TAT  TG AAAGAAGAAAAAAG AGTTCAAC GGCTTTTTAGTGAAACAGCCCGCATTTTT Fig. 2 and 3) . The numbering refers to the W23 sequence shown in Fig. 3 . SD is defined in the legend to Fig. 3 . Comparison of terC region sequences in B. subtilis 168 and W23. Figure 5 shows the alignment of the first 815 nucleotides of the W23 sequence of Fig. 3 with the homologous overlapping sequence from strain 168 (nucleotides 452 to 1267 of Fig. 2 in reference 2) . The W23 sequence is in the lower line throughout the alignment and is numbered. The overall homology score for the regions examined is 81.3%, with the score being relatively low up to position 132 of the W23 sequence and 90.2% from this position onward. The latter, higher-scoring region extends through the inverted repeat region (long arrows) and the ORF (ORF1 in Fig. 1 ) for the small basic protein. The two components of the inverted repeat region (IRI and IRII) do show significant differences between the two strains, particularly IRI. The outcome of these differences is that the IRI and IRII regions (47 and 42 bp, respectively) in the W23 strain show a reduced homology to one another (70%, in contrast to 77% for the 168 strain). It is evident from Fig. 5 that there is a high level of homology through the ORF with precise retention of the ORF length. More significant is that the encoded 122-amino-acid sequence, despite 22 base differences between the ORFs of the two strains, is completely conserved. All base changes, except two, are in the third position of the codon, the other two being in the first position. The other regions of conservation in Fig. 5 to note are -10 and -35 regions of a potential promoter and a good ribosome-binding site (SD) upstream of the ORF. A potential transcription terminator just downstream of the ORF is largely conserved.
DISCUSSION
In previous work, it was established that the normal terC site in B. subtilis 168 is dispensable (7) . Deletion of 230 kb of DNA spanning terC could be tolerated by the cell, which grew normally. While such a strain could not sporulate, this deficiency did not reflect the removal of the terC site. A strain with a smaller deletion spanning terC sporulated well. At present, there is no information on how termination of replication occurs in the deletion strains. They may be using a secondary terminus.
In view of the finding that the normal terC of the 168 strain is dispensable, it is particularly noteworthy that the W23 strain, which has diverged significantly from the 168 strain in terms of overall DNA homology (see also reference 3), utilizes the same termination mechanism. The first stage in the normal termination process in strain 168, involving arrest of the clockwise fork at terC, was shown here to operate also in the W23 strain. Termination at the normal terC site must be of some advantage to B. subtilis, but the advantage that it gives has not been identified.
The nature and extent of DNA sequence conservation in the vicinity of terC between the two strains is informative in terms of what is important in the fork arrest mechanism. The model previously proposed to explain arrest was based on deletion data, and the present data complement these. In the proposed model, the small basic protein product of the ORF was considered to bind to the adjacent upstream sequence (the region containing the inverted repeats, IRI and IRII) to prevent movement of the clockwise fork, the location of terC being defined by the site of arrest. In comparing the sequences from the two strains, it is significant that over the region encompassing the inverted repeats and ORF, there is a relatively high level of conservation. It drops significantly immediately outside this region, at least in the direction for which the comparison can be made. While equivalent inverted repeats (IRI and IRII) are identifiable in both strains, the lower level of homology between IRI and IRII in the W23 strain (70% instead of 77%) suggests that if the inverted repeats are important in the arrest mechanism, a shorter, more highly conserved portion of each is involved. IRI and IRII of both strains contain a 19-bp segment with 79% identity between the four sequences which can be written as ACTPuTGjAACPyAAATPuTTCA. By far, the most significant feature of the sequence comparison is the complete conservation of the amino acid sequence of the small basic protein encoded by the ORF, despite the relatively large number of base changes at the DNA level. This finding is very strong evidence for a defined role for this protein in the cell. Stringent structural features of the folded protein must be needed to fulfill this role, which is suggested to be in the arrest of the clockwise fork. Consistent with the importance of this protein is the conservation of DNA sequences that are likely to be involved in its expression. More recent work has established that a segment of DNA spanning the potential promoter (-10 and -35 regions) does have promoter activity in B. subtilis and that the ORF yields a protein product of the expected size in an in vitro expression system (M. T. Smith and R. G. Wake, unpublished data).
